Abstract. The year 1980 has often
Introduction
Over the past few decades, the evolution of Antarctic stratospheric ozone has been dominated by chemical depletion due to anthropogenic sources of active chlorine (Cl) and bromine (Br) (e.g., WMO [1990] , and references therein). This secular ozone change has been modulated by ozone variations on inter-annual timescales caused by dynamically induced temperature fluctuations (e.g., Huck et al. [2005] , Newman et al. [2006] ). To attribute changes in stratospheric ozone to depletion by 25 halogens, equivalent effective stratospheric chlorine (EESC) is used as an indicator of the chemical effects of ozone depleting substances (ODSs) (Daniel et al. [1995] ). EESC is derived from measurements of ground-based halocarbon concentrations, taking into account their transport times into the stratosphere and their conversion into reactive chlorine (Cly) and bromine (Bry) (e.g., Solomon and Wuebbels [1995] ; Montzka and Fraser [2003] ; Newman et al. [2006] ).
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As a result of the Montreal Protocol on Substances that Deplete the Ozone Layer and its subsequent amendments and adjustments that regulated the production and consumption of halocarbons, EESC reached maximum concentrations around 1996 in mid-latitudes and around 2000 over polar regions. The 4 year difference is due to longer transport times to the polar stratosphere (see Figure 1 -22 in Carpenter and Reimann [2014] ).
Since EESC is expected to continue to decline, stratospheric ozone is expected to recover from the influence of ODSs. To 5 provide policy-relevant statements on expected ozone recovery, the return of ozone concentrations to levels typical of 1980 has frequently been used as a benchmark [e.g., Bodeker and Waugh, 2007] . By comparing ozone concentrations projected by models with their simulated 1980 values, dates of return to 1980 levels can be identified. For Antarctica, October-mean total column ozone is projected to reach 1980 values between 2046 and 2057, about 5 years earlier than Cly will return to 1980 values [Eyring et al., 2010; Bekki and Bodeker, 2011] . 10 There is evidence that the return of ozone to pre-1980 values is not equivalent to a full recovery of ozone from the effects of ODSs. Calculations of EESC (e.g., Montzka and Fraser [2003] ; Clerbaux and Cunnold [2007] ) show a clear upward trend in EESC before 1980, with relatively small increases in the 1960s followed by steeper increases in the 1970s. By 1980, polar stratospheric EESC had reached about 50% of its peak level around 2000, indicating that considerable Antarctic chemical ozone loss should have occurred before 1980 [Carpenter and Reimann, 2014] . 15
There are indications from both ground-based total column ozone measurements [Farman et al., 1985] and Antarctic ozonesonde stations [Solomon et al., 2005] of ozone depletion prior to 1980, suggesting an early effect of ODSs. Austin et al.
[2010] and SPARC CCMVal [2010] found pre-1980 Antarctic ozone depletion in CCMVal-2 simulations. Some of the CCMs simulated an increasing Antarctic ozone mass deficit before 1980 and later return dates of Antarctic ozone to 1960 compared to 1980. However, these studies did not provide any detail how much of the long-term ozone loss to 2000 had already occurred 20 before 1980. In a more recent single-model CCM study using specified dynamics, Shepherd et al. [2014] found that 40 % of the long-term non-volcanic ozone loss occurred before 1980.
The purpose of this study is to quantify the extent to which Antarctic ozone was already affected by chemical ozone depletion in the period before 1980. The results provide a context for the utility of the return to 1980 levels as a benchmark of the degree of recovery from the effects of ODSs. A multiple linear regression model is used to attribute simulated ozone changes in a set 25 of 17 multi-decadal CCM simulations to changes in EESC. Importantly, non-linear dependence of ozone on EESC is included in the model so that a false positive does not arise as would be the case if pure linear dependence of ozone depletion on EESC had been assumed, i.e. a regression model with only linear dependence of ozone on EESC applied to an ozone signal that is constant from 1960 to 1980 and declines after 1980, would suggest EESC-induced ozone loss prior to 1980. The CCM simulations were carried out in phase 2 of the SPARC (Stratosphere-troposphere Processes And their Role in Climate) 30
Chemistry-Climate Model Validation (CCMVal-2) initiative [SPARC CCMVal, 2010] . These simulations are well suited for this study for two reasons: first, all models used emissions originating from the same prescribed scenario according to the CCMVal recommendations for REF-B1 simulations [Eyring et al., 2008] . This ensures that all models simulate the same surface mixing ratios of halocarbons [WMO, 2007] which then determine long-term stratospheric ozone depletion. Second, Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -742, 2016 Manuscript under review for journal Atmos. Chem. Phys. 
Method and Models
To attribute CCM simulated Antarctic total column ozone changes to changes in stratospheric halogen loading and temperature variability, a multiple linear regression model is fitted to the total column ozone time series as:
where a, b, c, and d are fit coefficients derived by least squares fitting of the equation to modelled or measured September to November total column ozone (O3). Note that in contrast to the real atmosphere where EESC is derived from surface emissions of halocarbons, we use here equivalent stratospheric chlorine (ESC) at 50 hPa, i.e. the actual Cly and Bry levels provided by the chemistry codes of the models, using a 60-fold efficacy for ozone destruction by bromine [Daniel et al., 1999] . T' is the 20 temperature anomaly at 100 hPa (with the climatological annual cycle subtracted). A constant offset is included, leading to the fit coefficient d, and ε is the residual. All variables are averaged over Antarctica (60-90°S) and over Southern Hemisphere late winter/spring (September to November, SON). The regression model includes basis functions that account for the longer-term effects of halogens on ozone depletion (ESC 2 and ESC) as well as ozone variations due to year-to-year variations in midlatitude planetary wave activity (represented by the corresponding Antarctic mean temperature anomalies T'; e.g., Newman et 25 al. [2004] ; Huck et al. [2005] ). The quadratic term (ESC 2 ) allows for non-linear dependence of ozone depletion on ESC related to the catalytic ClO destruction cycle [Jiang et al., 1996] . Moreover, it ensures that the regression model implicitly allows for Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -742, 2016 Manuscript under review for journal Atmos. Chem. Phys. Published: 5 September 2016 c Author(s) 2016. CC-BY 3.0 License.
Monthly mean total column ozone, temperature, Cly and Bry concentrations from 17 CCMVal-2 simulations (see Table 1 ) were analysed for the period 1960 to 2000 using the regression model. All simulations used observed transient forcings of ODSs, 5
GHGs and sea surface temperatures/sea-ice concentrations as prescribed for the REF-B1 scenario by the CCMVal-2 initiative [Eyring et al., 2008] . Some models within the set included some sources of natural variability such as background and volcanic aerosol, solar variability, the Quasi-Biennial-Oscillation (QBO), and ozone and aerosol precursors, while others did not. The inclusion or exclusion of these factors was found to have no effect on the results of our study.
For comparison with observations, the same regression model was applied to a 1979 to 2000 database of total ozone column 10 measurements derived by combining measurements from multiple space-based instruments corrected for offsets and drifts against the ground-based Dobson and Brewer spectrophotometer networks . The data set combines total column ozone measurements from Total Ozone Mapping Spectrometer (TOMS) instruments, the Global Ozone Monitoring Experiment (GOME), Solar Backscatter Ultra-Violet (SBUV) instruments and the Ozone Monitoring Instrument (OMI). For the pre-satellite era (before 1979), total column ozone measurements from Brewer and Dobson spectrophotometers at four 15 outside of the circumpolar vortex (diagnosed from 550 K potential vorticity fields) were excluded from the calculation, and were and corrected in each year for temporal sampling bias. The three resultant location-specific monthly mean time series were then used as basis functions in a regression model which was trained on available polar cap mean total column ozone obtained from the observational database described above. Once trained, the regression model can be used to generate estimates of monthly mean polar cap total column ozone from available monthly means at the ground-based measurement sites. Different 25 forms of the regression model were constructed depending on which location time series had missing data. This approach generates robust estimates in the pre-satellite era in a way that introduces as little additional information as possible, errs on the side of under-estimating the variability rather than over-estimating the variability, avoids spatial interpolation, and avoids the use of ancillary data such as output from CCMs. Antarctic mean temperatures were derived from NCEP/NCAR reanalyses [Kalnay et al., 1996] . The EESC time series was taken from Newman et al. [2007] , assuming a mean transport time of 5 years. The evolution of polar ESC in these models is more similar to the EESC time series with a 4-year transport time to middle and higher latitudes. This indicates that these models have a faster transport of constituents towards polar latitudes than observed. 10
It is evident that elevated ESC abundances appeared in the Antarctic lower stratosphere before 1980. The simulated increase of about 0.9 ppb from 1960 to 1980 corresponds to one third of the increase between 1960 and 2000. itself shows a flatter evolution over the two decades. This can be explained by a warming of the southern polar lower 25 stratosphere in that period, associated with noticeable dynamically induced year-to-year temperature variations (Labitzke and Kunze [2005] ; Newman and Rex [2007] ). Antarctic winters with strong and cold polar vortices were alternating with others that developed dynamically disturbed polar vortices. The high total column ozone in Antarctic spring 1968 (Fig. 2, left) , for example, was associated with a weak and warm polar vortex that broke down in early spring (see Fig. 6 in Langematz and Kunze [2006] ), while the low ozone column amounts in the springs 1966 and 1969 were connected to strong and cold vortices 30 with late breakdown dates.
Observed Ozone Loss
Ozone Loss in CCMs
As for the observations, simulated halogen-induced ozone losses in the CCMs were derived using the statistical model of Section 2. The blue line in Figure 3 
Data Availability
The CCM data used in this study are available from the CCMVal-II database at the British Atmospheric Data Centre (British -68.4 ± 1.6 -165.3 ± 6.7 41.4 ± 2.6 CAM3.5 -35.6 ± 2.0 -84.5 ± 7.9 42.1 ± 6.2 CCSRNIES -37.6 ± 1.9 -91.8 ± 13.1 41.0 ± 7.9 CMAM -63. 
10
Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016 Discuss., doi:10.5194/acp- -742, 2016 Manuscript under review for journal Atmos. Chem. Phys. 
